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Introduction
Pharmacokinetics (PK), expressed in the form of mathematical formulae, are used to describe the absorption, distribution, and elimination of drug compounds, whereas pharmacodynamics (PD) indicate the relationship between drug concentration and bactericidal outcome. 1 PK/PD modeling can clarify the interactions of drugs, hosts, and pathogens for antibiotics and other active agents. The introduction of PK/PD theory and population probability theory into Monte Carlo simulation (MCS) integrates population-PK parameters and population-minimum inhibitory concentration (MIC) pathogen data to calculate the likelihood of achieving a certain target. 1 MCS can be applied to optimize the therapeutic approach, maximize the desired effects, and re-evaluate reasonable clinical breakpoints. 2 Third-generation cephalosporins are empirically used for the treatment of infections caused by Enterobacteriaceae. However, such drugs are often ineffective and result in poor outcomes in China and elsewhere due to the prevalence of extended-spectrum β-lactamase (ESBL)-producing Enterobacteriaceae, which can be as high as 30-60% for Escherichia coli. 3 The mortality rate of ESBL-producing bacterial bacteremia ranges from 20% to 40% and is significantly higher than that of non-ESBL-producing isolates. 4, 5 Goodman et al (2016) designed a user-friendly decision tree (history of ESBL colonization/infection, chronic indwelling vascular hardware, age ≥43 years, recent hospitalization in an ESBL high-burden region, and ≥6 days of antibiotic exposure in the prior 6 months) to predict ESBL producers in bacteremia, achieving positive and negative predictive values of 90.8% and 91.9%. 6 Third-generation cephalosporins should be avoided in such high-risk patients. Thus, accurately predicting ESBL producers and appropriate regimens in a timely manner is crucial to improve outcomes for patients with bloodstream infections (BSIs). 7 Although carbapenems are regarded as the first-line drug in the treatment of ESBL-producing isolates, associated with lower mortality and higher clinical cure rates than non-carbapenems, the increasing prevalence of carbapenem-resistant Enterobacteriaceae has forced us to decrease the consumption of carbapenems. [8] [9] [10] [11] Therefore, optimizing the regimens of non-carbapenems is essential for treating such infections. Although previous studies showed that non-carbapenems, including cefperazone/sulbactam (CFZ/SBT), cefepime (FEP), and moxalactam (MOX), can be used to treat ESBL-producing bacterial bacteremia, their efficacy, especially in empirical treatment against ESBL producers, remains controversial. 12-14 MCS of these drugs in the treatment of ESBL producers has been performed, but early tests were insufficient, the number of isolates was limited, and the focus was not on BSIs. [15] [16] [17] [18] [19] [20] [21] [22] Therefore, the primary aim of the present study was to optimize the dosage of FEP, MOX, and CFZ/SBT against ESBL-producing Enterobacteriaceae isolated from the Blood Bacterial Resistant Investigation Collaborative System (BRICS) using MCS. The results will inform the prescription of these three agents, for which PK/PD studies in the treatment of ESBLproducing bacterial bacteremia are scarce, especially for MOX and CFZ/SBT.
Materials and methods

Bacterial isolates
Clinical Enterobacteriaceae, including E. coli, Klebsiella pneumoniae, and others such as Proteus mirabilis, Enterobacter cloacae, Enterobacter aerogenes, Enterobacter agglomerans, Morganella morganii, Salmonella sp., Citrobacter freundii, Klebsiella oxytoca, Klebsiella ozaenae, and Serratia marcescens, isolated from BRICS were collected between March 2014 and December 2015 from 31 tertiary and secondary hospitals in China. Pathogens were isolated and identified in accordance with clinical microbiological methods using the API20 system (bioMérieux, Durham, NC, USA). After pure isolates were shipped to our laboratory, pathogens were re-identified by matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF, Bruker) mass spectrometry (MS). 23 
Antimicrobial susceptibility testing
MICs for FEP (#MB1760, Dalian Meilun Biotechnology), MOX (#1609014001; Whiteson Pharma), and CFZ/SBT (2:1, #J19928; Pfizer) were determined by the agar dilution method according to the Clinical and Laboratory Standards Institute (CLSI). 24 The results were interpreted based on the
The breakpoint of CFZ/SBT was consistent with the breakpoint stipulated by the CLSI for CFZ alone. 25 
E. coli
American Type Culture Collection (ATCC) 25922 was used as a quality control.
ESBL phenotype confirmation test
All E. coli and K. pneumoniae isolates from BRICS were tested against ceftazidime (30 μg) and cefotaxime (30 μg) with and without clavulanic acid (10 μg) as previously described. 26 Isolates showing an increase in zone diameter of ≥5 mm between single and combination disks for any of the antibiotics were considered ESBL producers. K. pneumoniae ATCC 700603 was used as the control strain.
Pharmacokinetics (PK)
PK data for FEM, MOX, and CFZ/SBT were obtained from previously published studies on healthy volunteers. 16, [27] [28] [29] [30] All studies included at least 10 healthy volunteers, described the assay used to determine drug concentrations, used clinically relevant dosing regimens, and performed an adequate PK analysis with appropriate parameters, including the volume of distribution in liters at steady state (V d ), the total body clearance in liters per hour (CL T ), and the fraction of unbound drug (f u ), as summarized in 
where Ln is the natural logarithm, Dose is the intermittent dose in mg, MIC is the minimum inhibitory concentration in mg/L, and DI is the dosing interval in hours.
Monte Carlo simulation (MCS)
FEP, MOX, and CFZ/SBT, like other cephalosporins, display time-dependent bactericidal effects against Enterobacteriaceae, and %fT >MIC is the PD index most closely linked to the efficacy. Of note, CFZ is regarded as the main agent exerting bactericidal effects against Enterobacteriaceae in CFZ/SBT combinations. Therefore, parameters of CFZ were used for MCS. %fT >MIC of 50% was defined as the bactericidal PD target for comparative purposes. 16 The dosage regimens of FEP modeled by MCS were 1 g every 12 h (q12h), 1 g every 8 h (q8h), 2 g q12h, and 2 g q8h; for MOX, these were 1 g q12h, 1 g q8h, 1 g q6h, 2 g q12h, and 2 g q8h; for CFZ/SBT, these were 3 g q12h, 3 g q8h, 6 g q12h, 6 g q8h, and 6 g q6h. A 10,000 patient MCS was conducted to calculate the cumulative fraction of response (CFR) of each dosage regimen against bacterial population using Crystal Ball software (version 11.1.2.4; Oracle) to evaluate their efficacy. An optimal regimen was defined as achieving >90% CFR against a population of organisms. 33 Probability of target attainment (PTA) was also calculated to evaluate the MIC breakpoint of each dosage regimen. During simulations, CL T and V d obeyed a log-normal distribution, f u obeyed a uniform distribution, and MIC obeyed a discrete distribution. 33 
Results
Microbiological data
A total of 1512 E. coli, 520 K. pneumoniae, and 371 other Enterobacteriaceae bloodstream isolates were collected from the BRICS program between March 2014 and December 2015. Of these, 875 and 157 ESBL-producing E. coli and K. pneumoniae were confirmed by ESBL phenotype tests. ESBL rates in BSIs caused by E. coli and K. pneumoniae were 57.8% and 30.1%, respectively. The in vitro activities of FEP, MOX, and CFZ/SBT against these isolates are summarized in Table 2 and Figures 1 and S1. Compared with the poor antibacterial activity of FEP and CFZ/SBT against ESBL producers, the antibacterial potency of MOX was evident by the high rates of inhibition. When CLSI breakpoints for susceptibility of Enterobacteriaceae were used, 94.5% and 87.9% of ESBL-producing E. coli and K. pneumoniae remained susceptible to MOX, while only 50-60% of ESBL producers were susceptible to FEP or CFZ/SBT. MIC 50 and MIC 90 values for MOX against ESBLproducing E. coli and K. pneumoniae were 0.5 and 2 mg/L, and 0.5 and 32 mg/L, respectively. Of note, the rate of MOXsusceptible ESBL-producing K. pneumoniae accounted for 87.9%, which was close to the MIC 90 . However, the MICs of FEP against ESBL producers were widely distributed from 4 to 32 mg/L. Furthermore, MICs for CFZ/SBT against Table 1 The pharmacokinetic parameters used in the Monte Carlo simulation Notes: a As CFZ was regarded as the bactericidal effects against Enterobacteriaceae in CFZ/SBT combinations, the parameters of CFZ were used for MCS. The values were represented as mean ± standard deviation. Abbreviations: V d , the volume of distribution in liters at steady state; CL T , the total body clearance in liters per hour; f u , the fraction of unbound drug; FEP, cefepime; MOX, moxalactam; CFZ/SBT, cefperazone/sulbactam. CFZ/SBT-susceptible ESBL-producing isolates were mostly between 8 and 16 mg/L. Thus, FEP, MOX, and CFZ/SBT displayed promising efficacies against non-ESBL-producing isolates and the other Enterobacteriaceae.
Monte Carlo simulation (MCS)
In this study, a 10,000 subject MCS was performed to calculate PTA and CFR values based on PK data for FEP, MOX, and CFZ/SBT from different regimens. Relationships between MIC and PTA for different dosage regimens are presented in Figure 2 . PTA was close to 100% at low MIC values, and decreased rapidly to 0 at high MICs. Of note, increasing the dosing frequency achieved a higher PTA at relatively high MICs of FEP, MOX, and CFZ/SBT (1 g iv q8h and 2 g iv q12h). The target attainment rates for simulated FEP regimens (1 g iv q12h, 1 g iv q8h, 2 g iv q12h, and 2 g iv q8h) against isolates with MICs ≤2, ≤8, ≤4, and ≤16 mg/L, respectively, exceeded 90%. The cut-off for achieving >90% PTA was lowered to ≤4 and ≤2 mg/L for MOX (2 g iv q8h) and CFZ/SBT (3 g iv q6h), respectively.
As shown in Table 3 and Figure S2 , MOX displayed the highest CFR, with >90% probabilities against E. coli and Enterobacteriaceae, and CFRs of 86-89.7% against K. pneumoniae. For MOX regimens (1 g iv q6h, 2 g iv q12h, and 2 g iv q8h), the probability was >90% for reaching 50% fT >MIC against ESBL-producing E. coli, compared with <80% for FEP and <15% for CFZ/SBT. Similar results were also observed for the simulated regimens of FEP and CFZ/SBT against ESBLproducing K. pneumoniae, while the CFRs of MOX were slightly lower (80-86%) against ESBL-producing K. pneumoniae. MOX and FEP performed comparably against non-ESBL-producing isolates and the other Enterobacteriaceae, depending on the dosage simulated (85-95%). The CFZ/SBT regimen (3 g iv q6h) displayed the greatest CFR (81.87%) against non-ESBL-producing Abbreviations: FEP, cefepime; MOX, moxalactam; CFZ/SBT, cefperazone/sulbactam; ESBL-Ec, ESBL-producing E. coli; non-ESBL-Ec, non-ESBL-producing E. coli; Ec, E. coli; ESBL-Kp, ESBL-producing K. pneumoniae; non-ESBL-Kp, non-ESBL-producing K. pneumoniae; Kp, K. pneumoniae; Other-Eb, other Enterobacteriaceae; Eb, Enterobacteriaceae; ESBL, extended-spectrum β-lactamase; BRICS, Blood Bacterial Resistant Investigation Collaborative System; CFR, cumulative fractions of response; CFR 50% , the bactericidal effects defined as achieving 50% fT >MIC; MIC, minimum inhibitory concentration.
K. pneumoniae, followed by 74.84% against non-ESBLproducing E. coli.
Discussion
The abundance of ESBL-producing isolates among Enterobacteriaceae has emerged as a global public health concern. Previous studies demonstrated that inappropriate antibiotic therapy for patients with BSIs is associated with longer hospital stays, greater hospital costs, and higher hospital mortality. 3, 34 Thus, finding effective antimicrobials and optimizing the use of agents in the clinic is crucial in the treatment of BSIs, both to improve the therapeutic effects, and avoid exacerbating the spreading of ESBL-and carbapenem-producing isolates. In the present study, MCS was performed using different dosage regimens of FEP, MOX, and CFZ/SBT against ESBL-producing Enterobacteriaceae isolated from BRICS to evaluate PTAs. The number of pathogens included in the present work (2032 Enterobacteriaceae strains) is significantly larger than in previous studies, and unlike previous studies, the focus was on the treatment of BSIs. 16, 20, 32, 35 With this type of data and population-PK parameters, clinicians can optimize national treatment plans that acknowledge changing resistance patterns. To the best of our knowledge, the BRICS program is the largest blood antimicrobial surveillance network in China. MCS is an advanced statistical modeling approach that expands sample size based on inter-individual variation of PK and microbiological susceptibility information to predict the likelihood of success for therapeutic targets using different simulated regimens. Two different estimations of clinical outcome, PTA and CFR, were calculated to explore the optimal breakpoint for different simulated dosage regimens, and to identify appropriate dosage regimens in empirical antimicrobial treatments that display the best likelihood of success for treating pathogens, respectively.
Our results revealed promising in vitro antibacterial activity for MOX against Enterobacteriaceae, especially ESBL producers. Resistance to MOX was observed in 2.7% of ESBL-producing E. coli and 9.6% of ESBL-producing K. pneumoniae. Furthermore, most ESBL-producing isolates were highly susceptible to MOX (≤2 mg/L). Similar results were also found in a previous epidemiology antimicrobial surveillance study in China, demonstrating the in vitro stability of the antibacterial activity against ESBL producers.
36
However, MICs for CFZ/SBT were much higher than for MOX against ESBL-producing E. coli and K. pneumoniae, with resistance rates of 17.7% and 29.3%, respectively. Meanwhile, MIC 50 and MIC 90 values were 16 and 64 mg/L, and 16 and 128 mg/L, respectively, indicating that only 50% of clinical ESBL producers were susceptible to CFZ/SBT. It should be noted that, even though ESBL-producing isolates were susceptible to CFZ/SBT, most of the MICs were relatively high (8-16 mg/L). Against isolates with high MICs (4, 8, and 16 mg/L), MCS of CFZ/SBT simulated regimens failed to reach 90% PTA. Moreover, our previous in vitro PK/PD study demonstrated that regimens of CFZ/SBT (2 g iv q8h) against ESBL producers with high MICs failed to maintain effective killing, and allowed significant regrowth. 37 FEP was relatively stable against ESBL compared with third-generation cephalosporins. The sensitivity rates of ESBL-producing E. coli and K. pneumoniae to FEP were 58.5% and 61.8%, respectively, which was much higher than those of ESBL producers (<10% of isolates mainly isolated from urinary tract infections and intra-abdominal infections) in China. 38 The distribution of MICs for FEP against ESBL producers (MICs of most isolates were 4 and 8 mg/L in the range of susceptibility) was similar to that of those for CFZ/SBT. Therefore, high-dose and multiple-dose regimens should be used in empirical therapies when ESBL-producing isolates are suspected. However, in a previous propensity score-matched study, two dosage regimens of FEP (2 g iv q8h and 1 g iv q12h) were used to empirically treat FEP-susceptible ESBL bacteremia (MIC =4-8 mg/L, 76.5%, 13/17), and a trend toward increased mortality in the FEP group was observed compared with carbapenems (HR, 2.87; 95% confidence interval, 0.88-9.41). 39 Furthermore, Andes et al (2005) found that cephalosporin monotherapy in the treatment of ESBL bacteremia resulted in a stepwise reduction in treatment success, falling from 81% for MIC ≤1 mg/L to 11% for MIC =8 mg/L. 40 These findings indicate that treating ESBL producers with a relatively high MIC, but still in the range of susceptibility, should be attempted cautiously or avoided due to lower PTA and worse clinical outcome. Due to the low recommended dose for prescribing CFZ/SBT and unfavorable PK properties, we found that %fT >MIC for CFZ/SBT (3 g iv q6h) reached 50% against isolates with MIC ≤2 mg/L. In addition, the dosage regimen of MOX (2 g iv q8h) failed to reach 90% PTA against isolates with MIC =8 mg/L. According to the guidelines of CLSI, the susceptible breakpoint for MOX is ≤8 mg/L, and the breakpoint for susceptibility of CFZ/SBT was in accordance with that of CFZ (≤16 mg/L). 25 For strains with high MICs, conventional dosing regimens do not always achieve adequate PK/PD targets, especially for CFZ/SBT. The probability of achieving 50% fT >MIC for CFZ/SBT against isolates with MIC =8-16 mg/L was <1% in our previous study, resulting in the failure to maintain effective killing. 37 Therefore, the susceptible breakpoint for CFZ/SBT against Enterobacteriaceae should be reconsidered. The current study found that the simulated regimens of FEP against non-ESBL-producing E. coli and K. pneumoniae isolated from BSIs exceeded 90% CFR. However, the CFRs of FEP were lower against ESBL producers (<80%), unlike the MCS results for FEP (1 g iv q12h) against ESBLproducing E. coli and K. pneumoniae reported by Ambrose et al (CFR >95%). 35 The main reason for this discrepancy may be that the earlier collections of strains were highly susceptible to FEP, since the MIC 90 was 4 mg/L. Therefore, reevaluating the dosing regimens of antibiotics is imperative to optimize empirical therapies due to dynamic changes in resistance patterns. CFRs for CFZ/SBT (2 g iv q6h) against non-ESBLproducing isolates were less than 80%, and values dropped to <20% against ESBL producers. CFZ/SBT accounts for a large proportion of antibiotic consumption in China, and this combination is often used to treat Gram-negative bacterial infections. 41 Expert opinion in China states that mild-tomoderate infections caused by ESBL producers can be treated by CFZ/SBT, including BSIs. 19 However, our results indicate that CFZ/SBT should be avoided in empirical treatments when ESBL bacteremia is suspected due to the weak inhibition of CFZ/SBT against ESBL producers (MICs mostly range from 8 to 64 mg/L) and unfavorable PK characteristics (shorter t 1/2 and lower f u values), resulting in inadequate PK/PD ratios associated with worse outcome. This regimen can only be used in definitive therapy when pathogens are highly susceptible to CFZ/SBT (MIC ≤2 mg/L). Moreover, multiple-dose regimens are needed when treating ESBL producers. 37 Due to the favorable PK properties of MOX and its marked stability in vitro against ESBL-producing E. coli, the CFRs of MOX (1 g iv q8h or q6h, and 2 g iv q12h or q8h) exceeded 90%, indicating that these regimens can be used in the empirical treatment of ESBL bacteremia. Against ESBL-producing K. pneumoniae, none of the treatments achieved >90% CFR.
The MIC results showed that isolates were highly susceptible to MOX (≤2 mg/L); hence MOX regimens should be adjusted to reach adequate %T >MIC values according to clinical responses and MIC results. However, the CLSI is reluctant to recommend the use of MOX for treating ESBL-producing bacterial infections because it has limited availability in many countries, and there exists a lack of clinical experience. Our previous in vitro PK/PD study confirmed the bactericidal effects of MOX against ESBL-producing E. coli and K. pneumoniae. 37 Meanwhile, other retrospective clinical studies also showed that the efficacy of oxacephems against ESBL bacteremia was similar to that of carbapenem groups. 14, 42 Thus, its clinical value as a carbapenem-sparing option for treating ESBL-producing bacterial bacteremia is worthy of exploration. PK data for MOX, FEP, and CFZ/SBT were derived from healthy individuals, and may differ from those of severe patients. The three drugs were excreted largely through the glomerulus. Reitberg et al (1988) found that PK data for CFZ were not statistically different between normal individuals and patients with decreased renal function. 43 MCS can be used to calculate PTA values for monotherapies using established mathematical models. However, the conditions of patients are commonly complicated, and combination antibiotic therapies are prescribed in clinical practice. MCS is unfortunately helpless in such situations at present. Furthermore, this study used 50% fT >MIC as the target attainment for the bactericidal PD target. However, some previous studies found that β-lactamase antibiotics only achieved limited killing against isolates, even when %fT >MIC exceeded 50%. 37, 50 Therefore, further studies, including dynamic PK/PD simulations, animal models, and clinical trials, are urgently needed to evaluate the efficacy of FEP, MOX, and CFZ/SBT monotherapies and combinations against ESBL producers to alleviate the selective pressure on carbapenem-resistant germs.
Conclusion
To our knowledge, the present work utilized the largest numbers of strains in a MCS analysis in China. ESBL producers isolated from BSIs were highly susceptible to MOX. FEP and CFZ/SBT are not suitable to empirically treat ESBLproducing bacterial bacteremia. By contrast, MOX can be used empirically to treat BSIs caused by ESBL-producing E. coli, and definitively for isolates with MIC ≤4 mg/L, due to its marked in vitro stability and favorable PD properties.
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